Introduction
============

Diabetes mellitus (DM) is recognized as a metabolic disorder this is primarily caused by dysregulation in the production, secretion or action of insulin, subsequently resulting in a global life-threatening disease ([@b1-etm-0-0-8877]). Patient morbidity is closely associated with DM-related complications, which can affect a number of vital organs including the eyes, heart, kidneys and liver ([@b2-etm-0-0-8877],[@b3-etm-0-0-8877]). Statistically, 50-73% patients with end-stage liver disease are found to be obese and diabetic, where liver damage is a major complication of DM ([@b3-etm-0-0-8877],[@b4-etm-0-0-8877]). Multiple mechanisms of DM-induced liver damage have been identified, in which hyperglycemia is among the predominant causative factors ([@b4-etm-0-0-8877]). Due to sensitivity to glucose homeostasis and insulin, the liver is highly susceptible to hyperglycemia-induced oxidative stress, which activates the inflammatory cascade further ([@b5-etm-0-0-8877]).

A number of studies have previously highlighted that under hyperglycemic conditions, a reduction in the levels of antioxidants, including superoxide dismutase (SOD) and catalase (CAT), coupled with increased levels of malondialdehyde (MDA), causes an increase in reactive oxygen species (ROS), leading to oxidation-mediated liver damage ([@b4-etm-0-0-8877],[@b5-etm-0-0-8877]). Oxidative stress has also been linked to the activation of NF-κB during DM, which may subsequently upregulate the expression of pro-inflammatory cytokines ([@b7-etm-0-0-8877]). In hepatocytes, hyperglycemia-induced NF-κB activation is induced by mediators released from Kupffer cells, such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α. IL-6 and TNF-α form a positive feedback loop to further stimulate activated NF-κB, thereby increasing the infiltration of inflammatory cells to the site of hepatic injury ([@b8-etm-0-0-8877]). In addition, NF-κB forms the central link between hepatic inflammation and fibrosis through the upregulation of its downstream inflammatory effectors, namely transforming growth factor (TGF)-β1 and protein kinase C (PKC) ([@b9-etm-0-0-8877]). A combination of these deleterious events aggravates the diabetic liver. In some cases, DM can also cause excessive adipocyte accumulation in the liver, resulting in non-alcoholic fatty liver disease (NAFLD) ([@b5-etm-0-0-8877],[@b10-etm-0-0-8877]). Therefore, novel treatment strategies that include the development of naturally occurring antioxidants that resist oxidative stress and those that normalize inflammation, may be of interest in the management of DM-induced liver damage.

The potential of *Pluchea indica* (*P. indica*) leaves as a traditional herbal medicine is a subject of growing interest in the scientific community. Its uses have been previously documented by various researchers, which include its antioxidant ([@b11-etm-0-0-8877],[@b12-etm-0-0-8877]), anti-inflammatory ([@b13-etm-0-0-8877],[@b14-etm-0-0-8877]) and anti-hyperglycemic ([@b15-etm-0-0-8877]) properties. *P. indica* exerts its antioxidant properties by scavenging free radicals involved in peroxidation, preventing the expression of proteins associated with oxidative stress ([@b11-etm-0-0-8877],[@b12-etm-0-0-8877]). Recently, a mimic human-like type 1 DM model in BALB/C mice was established using multiple low doses (MLD) of streptozotocin (STZ), as previously described ([@b17-etm-0-0-8877]). This mouse strain is advantageous for the little to no influence from its genetic background, since most new cases of type 1 DM are spasmodic and can develop in families with no previous history of DM ([@b18-etm-0-0-8877]). Furthermore, STZ has a short half-life, remaining biologically active in the serum for only 15 min following intravenous injection ([@b19-etm-0-0-8877]) and its acute toxicity to the liver can be neglected after hyperglycemia is induced ([@b20-etm-0-0-8877]). Consequently, after STZ is eliminated out of the body, any further functional impairments in the liver observed may be attributed to the effects of diabetic hyperglycemia ([@b19-etm-0-0-8877],[@b20-etm-0-0-8877]). Therefore, the MLD-STZ-induced model of DM is a suitable model for studying both the pathology of DM and complications related to the disease, as well as developing possible interventions for DM.

Using the aforementioned MLD-STZ-induced model of DM, it was previously found that *P. indica* leaf ethanol extract (PILE) was able to reduce blood glucose levels, where the associated underlying mechanism in the diabetic pancreas, including suppression of cytokines and apoptotic markers, were elucidated ([@b17-etm-0-0-8877]). Notably, enzymes associated with total cholesterol, triglycerides, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) were found to be significantly decreased in the serum of PILE-treated animals, indicating an improvement in liver function under diabetic conditions ([@b17-etm-0-0-8877]). Therefore, the present study aimed to test the hypothesis that PILE has the potential to ameliorate hepatocellular damage in STZ-induced diabetic mice further, that its potentially beneficial effects are associated with the attenuation of important molecular targets associated with oxidative stress, inflammation and apoptosis.

Materials and methods
=====================

### Plant material. P. indica

leaves were verified and maintained at the Herbarium, Department of Biology, Faculty of Science, Prince of Songkla University (PSU Herbarium; Hat Yai, Thailand). The voucher specimen number J.Nopparat-A.Nualla-ong 1 (PSU) was designated to the plants. For the preparation of the ethanol extract, dried leaves (10 g) of *P. indica* were extracted using 95% ethanol at 37˚C for 3 days. The plant extract was concentrated and dried under reduced pressure using a rotary vacuum evaporator at 112 mm Hg and 40˚C and filtered using 0.45-µm filters. PILEs were then stored at 4˚C until further use. Various desired concentrations of PILE were prepared by dissolving with 5% (v/v) Tween-80 before use in the present study. The phytochemical component analysis of PILE by liquid chromatography-mass spectrometry and gas chromatography-mass spectrometry was recently published in a previous study ([@b17-etm-0-0-8877]).

### Induction of diabetes in experimental animals

The experimental design and induction of diabetes was previously reported ([@b17-etm-0-0-8877]). Therefore, the present study represents further evaluation of our previous animal study. A total of 80 male BALB/C mice (5-6 weeks old) were purchased from Nomura Siam International Co., Ltd. The mice were maintained in the animal facility of PSU in a well-ventilated humidified room (23˚C±2˚C; humidity, 50%±10%; with alternating 12-h light/dark cycles). The animals received water *ad libitum* and were fed standard chow. The experimental protocols described in this study were approved and guided by the Institutional Animal Care and Use Committee of Prince of Songkla University (MOE 0521.11/124). The mice were randomly assigned into one of the following four groups (n=10 per group): i) Group I (control), where the mice were intraperitoneally injected with 0.1 M citrate buffer, pH 4.5 (diluent for STZ; Sigma-Aldrich; Merck KGaA) and fed once daily with the diluent 5% (v/v) Tween-80; ii) Group II (STZ), where the mice were intraperitoneally injected with STZ (50 mg/kg) for 5 consecutive days and fed once daily with diluent; iii) Group III \[PILE (50 mg/kg) + STZ\], where the mice were pretreated with a dietary supplement of 50 mg/kg PILE (PILE 50) for 2 weeks before receiving STZ injection (50 mg/kg); and iv) Group IV \[PILE (100 mg/kg) + STZ\], where the mice were pretreated with a dietary supplement of 100 mg/kg PILE (PILE 100) for 2 weeks before receiving STZ injection (50 mg/kg).

Following 2 weeks of pretreatment with the aforementioned diet, diabetes was induced with 50 mg/kg STZ dissolved in 0.1 M citrate buffer (pH 4.5) for 5 consecutive days ([@b21-etm-0-0-8877]). The first injection day was defined as day 0. To confirm diabetic status, fasting blood glucose levels were measured in a drop of blood collected from the tail vein using a blood glucose meter (Accu-Chek Active test strips; Roche Diagnostics GmbH) 3 days following the final STZ injection. All STZ-injected animals developed hyperglycemia (blood glucose levels \>200 mg/dl) and were retained for further experimentation ([@b17-etm-0-0-8877],[@b22-etm-0-0-8877]). Animals in group III and IV continued to be fed with PILE 50 or PILE 100 by oral gavage once daily for 4 or 8 weeks. At the final 4- and 8-week time points, the mice were anesthetized with thiopental (70 mg/kg), following which euthanasia was immediately performed by cervical dislocation. The assessment criteria for confirmation of animal death included lack of heartbeat for \>5 minutes, lack of movement and visible lack of breathing. Subsequently, the right and left lateral lobes of the liver were collected for further study.

### Histological examination

Following sacrifice, the livers were immediately removed and fixed in 10% neutral formalin for 24 h at room temperature (RT). After fixation, the liver tissues were dehydrated in ascending grades of ethanol, cleared in xylene and embedded in paraffin blocks. Embedded liver tissues were cut into 5-µm-thick sections and stained with hematoxylin and eosin for 1.5 h at RT according to standard laboratory procedures. Histological observations were performed under light microscopy (magnifications, x200 and x400; Olympus D73 equipped with CellSens software v1.16; Olympus Corporation).

### Biochemical analysis of oxidative stress markers

The expression levels of the antioxidant enzymes SOD (cat. no. 19160; Sigma-Aldrich; Merck KGaA), CAT (cat. no. 707002; Cayman Chemical Company) and MDA (a marker of lipid peroxidation; cat. no. MAK085; Sigma-Aldrich; Merck KGaA) were measured using corresponding assay kits. Briefly, liver tissues were isolated from the euthanized mice, rinsed with PBS (pH 7.4), homogenized in lysis buffer (150 mM Tris; pH 7.2) and centrifuged at 10,000 x g for 15 min at 4˚C. The supernatants were further processed according to the manufacturer\'s protocols.

### Immunohistochemical analysis

Immunohistochemistry (IHC) was conducted according to the manufacturer\'s instructions (Vectastain Elite ABC-HRP kit; cat. no. PK-6200; Vector Laboratories, Inc.; Maravai Life Sciences). The following antibodies were purchased: rabbit polyclonal anti-SOD (1:200; cat. no. ab13498; Abcam), rabbit monoclonal anti-IL-6 (1:400; cat. no. 12912; Cell Signaling Technology, Inc.), rabbit polyclonal anti-TNF-α (1:200; cat. no. ab6671; Abcam) and mouse monoclonal anti-TGF-β1 (1:200; cat. no. MAB240, R&D Systems, Inc.). Briefly, liver tissue sections were deparaffinized with xylene and rehydrated in a graded ethanol series. Antigen retrieval was performed by heating the tissues at 95˚C with citrate buffer (pH 6.0) for 20 min, followed by blocking endogenous peroxidase activity in 0.3% H~2~O~2~ (in methanol) for 30 min at RT. Following three 5 min washes with PBS with 0.1% Triton X-100 (PBST), normal horse serum (Vector Laboratories, Inc.; Maravai Life Sciences) was applied for 1 h at RT. Incubation with primary antibodies against SOD, CAT, IL-6, TNF-α and TGF-β1 was performed overnight at 4˚C in a humidified chamber. The tissues were then rinsed with PBST and incubated with a biotinylated horse anti-mouse/rabbit immunoglobulin G universal secondary antibody (Vectastain Elite ABC-HRP kit; cat. no. PK-6200, Vector Laboratories, Inc.; Maravai Life Sciences) for 1 h at RT. After washing with PBST, the tissues were stained with diaminobenzidine (DAB), rinsed with distilled water and counterstained with hematoxylin for 1 min at RT. The sections were then dehydrated in a series of graded ethanol, cleared in xylene and mounted for light microscopic examination. To confirm specific labelling, negative control staining was performed by incubating the tissue with PBS instead of primary antibody.

### Morphometric analysis

Immunopositive staining was represented by brown staining and images were photographed at x400 magnification. The percentage of the immunopositive area (% IA) was calculated in the captured representative fields (a standard area, 460,096 µm^2^) using ImageJ software version 1.52u (National Institutes of Health). Digital images (a total of 36 fields per experimental group: 3 fields per section, 3 sections per mouse with a 20-µm interval between each section, 4 mice per group) were randomly selected, followed by deconvolution using the color deconvolution plug-in, resulting in separate DAB (brown), hematoxylin (blue) and a complimentary image. On the composite hematoxylin-DAB images, the photographs were set to 8-bit where the threshold was then adjusted for DAB detection according to intensity. The threshold parameters remained consistent for all images. The % IA for each group was calculated by dividing the sum of the IA by the sum of the area of each microscopic field multiplied by 100([@b23-etm-0-0-8877]).

### Western blot analysis

The antibodies used for western blotting were obtained from the following sources: Rabbit polyclonal anti-CAT (1:1,000; cat. no. ab16731; Abcam); rabbit monoclonal anti-NF-κB p65 (1:1,000; cat. no. 8242; Cell Signaling Technology, Inc.); rabbit polyclonal anti-caspase-3 (1:1,000; cat. no. 9662; Cell Signaling Technology, Inc.); mouse monoclonal anti-caspase-9 (1:1,000; cat. no. 9508; Cell Signaling Technology, Inc.); rabbit monoclonal anti-Bcl-2 (1:1,000; cat. no. 3498; Cell Signaling Technology, Inc.); rabbit monoclonal anti-PKC (1:1,000; cat. no. ab179521; Abcam) and rabbit polyclonal anti-β-actin (1:3,000; cat. no. ab8227; Abcam). The liver tissues were lysed and homogenized in ice-cold RIPA buffer (Sigma-Aldrich; Merck-KGaA) supplemented with protease inhibitor cocktail (Merck KGaA). Following centrifugation at 14,000 x g for 30 min at 4˚C, the supernatant was collected and total protein was quantified using a bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). The samples (\~50 µg each) were separated on 12% SDS/PAGE and transferred to PVDF membranes (Merck KGaA). The membranes were blocked with 5% skim milk for 1 h at RT and then probed with primary antibodies against SOD, CAT, TGF-β1, NF-κBp65, PKC, caspase-3, caspase-9, Bcl-2 and β-actin overnight at 4˚C. Subsequently, the membranes were incubated at RT for 1 h with appropriate horseradish peroxidase (HRP)-linked secondary antibodies (1:5,000; goat anti-rabbit IgG; cat. no. A3687, rabbit anti-mouse IgG; cat. no. A9917, Sigma-Aldrich; Merck KGaA). Protein signal was visualized using Luminata Crescendo Western HRP substrate (Merck KGaA) according to the manufacturer\'s instructions. The density of each of the immunoreactive bands was analyzed using the ImageJ software version 1.52u (National Institutes of Health). The data were normalized to the density of each β-actin band, calculated as a fold change compared with the normal control group, and then analyzed.

### Statistical analysis

All results are expressed as the mean ± SEM unless otherwise stated. Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, Inc.). The data from multiple groups were compared using one-way ANOVA followed by Tukey\'s multiple comparisons test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### PILE treatment alleviates liver hypertrophy and hepato-histological changes in STZ-induced diabetic mice

The liver is highly susceptible to damage from STZ-induced diabetes ([@b7-etm-0-0-8877]). To explore the STZ-associated diabetic phenotype in the present study, the incidence of liver hypertrophy was investigated ([Fig. 1A](#f1-etm-0-0-8877){ref-type="fig"} and [B](#f1-etm-0-0-8877){ref-type="fig"}). A significant (P\<0.0001) decrease in the absolute liver weight was identified in the STZ mice compared with the controls at both time points ([Fig. 1A](#f1-etm-0-0-8877){ref-type="fig"}). However, a significant (P\<0.01) increase in the absolute liver weight was noted in the mice treated with PILE 100 for 8 weeks compared with the STZ animals ([Fig. 1A](#f1-etm-0-0-8877){ref-type="fig"}). The liver hypertrophy was revealed when the ratio of liver weight with respect to body weight was calculated ([Fig. 1B](#f1-etm-0-0-8877){ref-type="fig"}). The ratio was significantly higher (P\<0.0001) in STZ groups compared with control groups at both time points. This phenomenon was ameliorated following PILE 50 (P\<0.01) and PILE 100 (P\<0.001) treatments for 8 weeks ([Fig. 1B](#f1-etm-0-0-8877){ref-type="fig"}). These results suggested that the treatment with PILE has reversed the progressive changes of liver weight in diabetic mice.

The presence of liver hypertrophy was reflected in the histological alterations observed in the STZ mice compared with control animals ([Fig. 1C](#f1-etm-0-0-8877){ref-type="fig"} and [D](#f1-etm-0-0-8877){ref-type="fig"}). Liver sections from the control mice exhibited normal liver sinusoids (not dilated) where the hepatocyte architecture was arranged into sheets radiating from the central vein ([Fig. 1C](#f1-etm-0-0-8877){ref-type="fig"} and [D](#f1-etm-0-0-8877){ref-type="fig"}). By contrast, the livers of the STZ group exhibited marked hepatocyte degeneration ([Fig. 1C](#f1-etm-0-0-8877){ref-type="fig"} and [D](#f1-etm-0-0-8877){ref-type="fig"}), particularly at the central areas; the disappearance of cell borders, disorganized hepatic cords, dilated sinusoids and the presence of Kupffer cells and monocytes were also observed ([Fig. 1C](#f1-etm-0-0-8877){ref-type="fig"}). Following progression to the 8-week time point, the hepatocytes of the STZ mice developed a vacuolated cytoplasm with a ground-glass appearance and markedly increased accumulation of lipid droplets ([Fig. 1D](#f1-etm-0-0-8877){ref-type="fig"}). The livers of the PILE 50 and PILE 100 groups exhibited less vacuolar degeneration, preservation of hepatocyte structure, where the presence of Kupffer cells was less apparent compared with the livers of STZ-only mice ([Fig. 1C](#f1-etm-0-0-8877){ref-type="fig"} and [D](#f1-etm-0-0-8877){ref-type="fig"}). These observations provided evidence of diabetes-associated histopathological alterations, where PILE treatment exerted positive counteractive effects on STZ-induced liver injury.

### PILE treatment reduces the expression of markers associated with oxidative stress in the liver

Oxidative stress is a common consequence of prolonged hyperglycemia, as previously observed in STZ-induced diabetic animals ([@b7-etm-0-0-8877]). Therefore, the present study investigated the effects of PILE treatment on STZ-induced oxidative damage by measuring levels of antioxidant enzymes SOD, CAT, in addition to MDA, a surrogate marker for oxidative stress, in liver homogenates. Biochemical analyses revealed a significant reduction in the levels of SOD (P\<0.0001; [Fig. 2A](#f2-etm-0-0-8877){ref-type="fig"}) and CAT (P\<0.01 and P\<0.0001, 4 and 8 weeks, respectively; [Fig. 2B](#f2-etm-0-0-8877){ref-type="fig"}), whilst those of MDA were significantly increased (P\<0.05 and P\<0.001, 4 and 8 weeks, respectively; [Fig. 2C](#f2-etm-0-0-8877){ref-type="fig"}) in STZ animals compared with those in control animals. However, there were significant reversals on the STZ-induced effects on the levels of SOD, CAT (both P\<0.01, 8 weeks) and MDA (P\<0.05 and P\<0.001, 4 and 8 weeks, respectively) following treatment with PILE 100 ([Fig. 2A-C](#f2-etm-0-0-8877){ref-type="fig"}). Western blot analysis revealed a significant increase in the levels of SOD (P\<0.0001) and CAT (P\<0.0001) in the livers of the STZ mice, compared with control mice, at both time points ([Fig. 2D-F](#f2-etm-0-0-8877){ref-type="fig"}). Treatment with PILE 100 resulted in a significant reduction in SOD (P\<0.05 and P\<0.01, 4 and 8 weeks, respectively; [Fig. 2E](#f2-etm-0-0-8877){ref-type="fig"}) and CAT (P\<0.05, both time points; [Fig. 2F](#f2-etm-0-0-8877){ref-type="fig"}) compared with STZ mice. PILE 50 exerted a less pronounced effect on CAT compared with PILE 100, especially at the 4-week time point ([Fig. 2E](#f2-etm-0-0-8877){ref-type="fig"} and [F](#f2-etm-0-0-8877){ref-type="fig"}).

Hepatic expression of SOD was subsequently validated using IHC. The liver tissues of untreated STZ mice exhibited significantly stronger SOD staining compared with that in control mice (P\<0.0001), which were predominantly distributed in the hepatocytes around the central and portal triad areas ([Fig. 2G](#f2-etm-0-0-8877){ref-type="fig"}). Conversely, at the 8-week time point, the PILE 50 (P\<0.05) and PILE 100 (P \<0.05) groups showed significantly reduced percentages of SOD staining compared with those in the untreated STZ mice ([Fig. 2H](#f2-etm-0-0-8877){ref-type="fig"}). These findings suggested that PILE exerted protective effects against oxidative stress in STZ-induced diabetic mice.

### PILE treatment modulates the upregulation of markers associated with inflammation in the liver

Imbalance between the oxidative stress and antioxidant defense system is closely associated with the inflammatory response ([@b24-etm-0-0-8877]). This is evident from the release of multiple inflammatory factors, resulting in local inflammation and tissue injury ([@b4-etm-0-0-8877],[@b5-etm-0-0-8877],[@b24-etm-0-0-8877]). The expression of proinflammatory cytokines IL-6 and TNF-α in the diabetic liver was therefore investigated by western blotting ([Fig. 3A-C](#f3-etm-0-0-8877){ref-type="fig"}) and immunohistochemical staining ([Fig. 3D-G](#f3-etm-0-0-8877){ref-type="fig"}). STZ induced a significant increase in hepatic IL-6 levels at both time points compared with those in control mice (P\<0.0001; [Fig. 3A](#f3-etm-0-0-8877){ref-type="fig"} and [B](#f3-etm-0-0-8877){ref-type="fig"}). By contrast, levels of IL-6 were found to be significantly reduced by PILE 50 (P\<0.05) at 4-week time point and PILE 100 at the 4-(P\<0.01) and 8-week (P\<0.001) time points compared with those in the untreated STZ mice ([Fig. 3A](#f3-etm-0-0-8877){ref-type="fig"} and [B](#f3-etm-0-0-8877){ref-type="fig"}). The immunoreactivity of hepatic IL-6 was also revealed to be significantly increased (P\<0.0001) in STZ animals compared with control mice at both time points, which was significantly reversed by both PILE 50 (P\<0.05) and PILE 100 (P\<0.01) at the 8-week time point compared with that in the STZ mice ([Fig. 3D](#f3-etm-0-0-8877){ref-type="fig"} and [F](#f3-etm-0-0-8877){ref-type="fig"}).

Similarly, levels of hepatic TNF-α were also found to be significantly increased (P\<0.01 and P\<0.0001, 4 and 8 weeks, respectively) in the diabetic liver compared with those in the control mice ([Fig. 3A](#f3-etm-0-0-8877){ref-type="fig"} and [C](#f3-etm-0-0-8877){ref-type="fig"}), which were significantly reduced by PILE 50 (P\<0.05, 8 weeks) and PILE 100 (P\<0.05 and P\<0.0001, 4 and 8 weeks, respectively). TNF-α immunoreactivity manifested as a large area of accumulation at the center of the cells and around the portal vein, particularly at the innermost cell layer surrounding the vein (STZ group; [Fig. 3E](#f3-etm-0-0-8877){ref-type="fig"}), which was not observed in the control group ([Fig. 3E](#f3-etm-0-0-8877){ref-type="fig"}). Although the reduction in TNF-α staining intensity was not significant in the PILE 50 or 100 groups at the 4-week time point, a significant reduction was noted following treatment with PILE 100 at the 8-week time point compared with that in the STZ group (P\<0.05; [Fig. 3E](#f3-etm-0-0-8877){ref-type="fig"} and [G](#f3-etm-0-0-8877){ref-type="fig"}). These results indicated that PILE treatment alleviated the hepatic inflammatory response.

### PILE treatment attenuates the STZ-induced upregulation of TGF-β1, NF-κB p65 and PKC expression in the liver

The phosphorylated p65 subunit of NF-κB (NF-κB p65) is a sensor of the immune response and serves a pivotal role in oxidative stress ([@b25-etm-0-0-8877]). Therefore, the potential association between STZ-induced oxidative damage and the upregulation of hepatic NF-κB p65 was investigated. Western blotting confirmed that hepatic NF-κB p65 protein expression was significantly increased in untreated STZ mice compared with that in control mice (P\<0.01 and P\<0.0001, 4 and 8 weeks, respectively; [Fig. 4A](#f4-etm-0-0-8877){ref-type="fig"} and [B](#f4-etm-0-0-8877){ref-type="fig"}). By contrast, treatment with PILE 100 significantly counteracted this phenomenon at both time points (P\<0.05 and P\<0.01, 4 and 8 weeks, respectively; [Fig. 4A](#f4-etm-0-0-8877){ref-type="fig"} and [B](#f4-etm-0-0-8877){ref-type="fig"}). Although PILE 50 also resulted in NF-κB p65 downregulation at 4 and 8 weeks, the effect was not found to be statistically significant compared with the STZ group ([Fig. 4A](#f4-etm-0-0-8877){ref-type="fig"} and [B](#f4-etm-0-0-8877){ref-type="fig"}). In addition, NF-κB p65 activation involves alterations to its downstream targets, TGF-β1 and PKC ([@b9-etm-0-0-8877],[@b26-etm-0-0-8877]). In the present study, TGF-β1 and PKC protein expression were significantly upregulated in the STZ group compared with those in the control mice at both time points (P\<0.0001; [Fig. 4A](#f4-etm-0-0-8877){ref-type="fig"}, [C](#f4-etm-0-0-8877){ref-type="fig"} and [D](#f4-etm-0-0-8877){ref-type="fig"}), coinciding with the increase in NF-κB p65 aforementioned. However, the upregulation of TGF-β1 (P\<0.01 and P\<0.05, 4 and 8 weeks, respectively) and PKC (P\<0.05 and P\<0.0001, 4 and 8 weeks, respectively) was reversed by PILE 100 ([Fig. 4C](#f4-etm-0-0-8877){ref-type="fig"} and [D](#f4-etm-0-0-8877){ref-type="fig"}). Furthermore, at the 8-week time point, a significant reduction in PKC expression was observed in the PILE 100 group compared with that in the PILE 50 group (P\<0.0001; [Fig. 4A](#f4-etm-0-0-8877){ref-type="fig"} and [D](#f4-etm-0-0-8877){ref-type="fig"}).

According to immunohistochemical staining, TGF-β1 expression was predominantly localized to hepatocytes close to the central and portal veins ([Fig. 4E](#f4-etm-0-0-8877){ref-type="fig"}). The intensity of TGF-β1 staining significantly increased in the livers of untreated STZ mice compared with that in control mice (P\<0.0001), which was significantly reversed by PILE 100 treatment (P\<0.05; [Fig. 4F](#f4-etm-0-0-8877){ref-type="fig"}). In summary, these observations suggest that PILE treatment attenuated the inflammatory response in STZ-induced diabetic mice by downregulating NF-κB p65 and its downstream effectors TGF-β1 and PKC.

### PILE treatment reduces levels of caspase-associated apoptotic proteins in the liver

Apoptosis is a major pathway that is commonly involved in liver dysfunction ([@b6-etm-0-0-8877]). Therefore, western blot analysis was performed to elucidate the protective effects of PILE on hepatocyte apoptosis, in addition to the extent of inflammation-mediated hepatic injury ([Fig. 5A-D](#f5-etm-0-0-8877){ref-type="fig"}). Compared with the control group, mice in the STZ group exhibited significantly increased levels of cleaved caspase-9 and -3 at both time points (P\<0.0001; [Fig. 5A-C](#f5-etm-0-0-8877){ref-type="fig"}). PILE 100 significantly suppressed both cleaved caspase-9 (P\<0.001, 8 weeks) and -3 (P\<0.01 and P\<0.0001, 4 and 8 weeks, respectively). Although, PILE 50 (P\<0.01) and PILE 100 (P\<0.001) exerted a moderate effect on caspase-9 at the 8-week time point ([Fig. 5B](#f5-etm-0-0-8877){ref-type="fig"}), theirs effect on caspase-3 was significantly more pronounced (both P\<0.0001 at 8 weeks; [Fig. 5C](#f5-etm-0-0-8877){ref-type="fig"}).

To investigate the protective effects of PILE further, the expression of hepatic Bcl-2, an anti-apoptotic molecule, was also investigated ([Fig. 5A](#f5-etm-0-0-8877){ref-type="fig"} and [D](#f5-etm-0-0-8877){ref-type="fig"}). No significant changes were observed in the levels of Bcl-2 at the 4-week time point regardless of treatment. However, a significant reduction in hepatic Bcl-2 expression was apparent in the STZ group at the 8-week time point compared with that in control mice (P\<0.0001; [Fig. 5D](#f5-etm-0-0-8877){ref-type="fig"}). PILE 50 (P\<0.01) and PILE 100 (P\<0.0001) significantly reversed the effects of STZ on Bcl-2 expression to nearly that of control levels ([Fig. 5D](#f5-etm-0-0-8877){ref-type="fig"}). Significantly higher levels of Bcl-2 expression were also observed in the PILE 100 group compared with those in the PILE 50 mice (P\<0.001; [Fig. 5D](#f5-etm-0-0-8877){ref-type="fig"}). These results implicate a role of PILE in protecting against hepatic apoptosis *in vivo.*

Discussion
==========

The liver is particularly susceptible to the effects of hyperglycemia-induced oxidative stress ([@b5-etm-0-0-8877]). The mechanisms promoting hepatocyte injury in the context of these risk factors are mainly linked to the balance of oxidative stress and inflammation ([@b5-etm-0-0-8877]). Previous experimental evidence showed that PILE can alleviate type 1 DM-related pathologies via a number of mechanisms, including the promotion of antioxidant ([@b11-etm-0-0-8877]), anti-inflammatory ([@b13-etm-0-0-8877],[@b14-etm-0-0-8877]) and anti-hyperglycemic ([@b15-etm-0-0-8877]) effects. Considering the phytochemical components of PILE, it was previously reported, consistent with other studies, that it is a rich source of phenolic acids and flavonoids, particularly quercetin and resveratrol, known for their antioxidant and anti-inflammatory properties ([@b11-etm-0-0-8877],[@b17-etm-0-0-8877],[@b27-etm-0-0-8877]). Mukhopadhyay and Prajapati ([@b29-etm-0-0-8877]) previously documented that quercetin has higher antioxidant activity compared with other well-known antioxidant molecules such as ascorbly and trolox, due to the number and positions of the free hydroxyl groups in its structure. In addition, our earlier findings indicated that PILE possesses anti-hyperglycemic activity ([@b17-etm-0-0-8877]). PILE mainly exerts this activity by four mechanisms: i) Acting as free radical scavengers in peroxidation and preventing the expression of oxidative stress-related proteins ([@b12-etm-0-0-8877],[@b18-etm-0-0-8877],[@b30-etm-0-0-8877]); ii) improving liver carbohydrate metabolism ([@b31-etm-0-0-8877]); iii) improving glucose uptake through mediators of the insulin signaling pathway ([@b23-etm-0-0-8877]); and iv) possessing α-glucosidase inhibitory effects, which can delay the breakdown of starch into glucose, increasing glucose uptake from the circulation, lowering blood glucose levels ([@b32-etm-0-0-8877]). Since a previous study reported that treatment with PILE preserved liver function by restoring AST, ALT and ALP levels in the mouse sera ([@b17-etm-0-0-8877]), the role of PILE treatment on hyperglycemia-induced liver damage was investigated in the present study. Therefore, the present study aimed to determine the dose- and time-dependent effects of PILE treatment to investigate its protective effects against hepatic damage in STZ-induced diabetic mice.

Firstly, hepatic abnormalities were demonstrated by measuring the relative liver weights of STZ animals compared with those of the normal control group, where STZ livers showed signs of hypertrophy. Histological examination revealed that liver sections obtained from untreated STZ mice exhibited severe deleterious changes to the hepatic architecture, including degeneration of hepatocytes, disorganization of hepatic cords, dilated sinusoids, the appearance of Kupffer cells and monocyte infiltration. Cytoplasm vacuolization was also observed in the STZ mice at the 8-week point, in addition to lipid droplets in the cytoplasm of hepatocytes (classified as NAFLD) ([@b4-etm-0-0-8877],[@b10-etm-0-0-8877]). Since the present mouse model is not considered as an obesity model, this phenomenon may be due to hypoinsulinemia increasing the influx of fatty acids into the liver, accompanied by the low lipoprotein excretion capacity of the liver ([@b33-etm-0-0-8877]). Hyperlipidemia may have also influenced fatty liver formation ([@b34-etm-0-0-8877]). However, fewer pathological changes and improved liver architecture were observed in PILE-pretreated diabetic mice, with reduced liver fatty deposits and Kupffer cell infiltration, indicating the protective effects of PILE treatment against the hepatic damage associated with diabetes.

Hyperglycemia is a primary cause of increased ROS generation, leading to oxidative stress ([@b4-etm-0-0-8877],[@b7-etm-0-0-8877]). In the present study, the occurrence of oxidative stress was assessed by the detection of key antioxidant enzymes in the liver tissue. Decreases in SOD and CAT expression, in addition to increases in those of MDA, were observed in the liver tissues of STZ-induced mice. Following treatment with PILE 100, the effects of STZ on the levels of these oxidative markers were found to be significantly reversed. Similar to the present results, Yang and Kang ([@b35-etm-0-0-8877]) previously found that quercetin and resveratrol treatment restored the levels of hepatic glucose metabolic enzymes, improved the antioxidant capacities and serum lipid profiles of STZ-induced diabetic rats. Co-treatment with quercetin and resveratrol exerted more pronounced effects against all deleterious symptoms of diabetic conditions in rats ([@b35-etm-0-0-8877]). Therefore, findings of the present study are consistent with previous observations that PILE possesses strong antioxidant activity, which may contribute to its prophylactic effect against organ dysfunction caused by prolonged chronic hyperglycemia.

Accumulating evidence suggested that the pathogenesis and progression of diabetic liver damage is due to the feedback mechanism between oxidative stress and inflammation ([@b7-etm-0-0-8877],[@b24-etm-0-0-8877],[@b36-etm-0-0-8877]). Immune cells, including T cells, natural killer T cells and macrophages, are the first line of defense in the innate immune response, that impact the initial stages of diabetes-induced liver damage ([@b36-etm-0-0-8877],[@b37-etm-0-0-8877]). In particular, Kupffer cells, which are liver-resident macrophages, are critical in the regulation of the progression and resolution of tissue injury ([@b37-etm-0-0-8877]). Once oxidative stress occurs, Kupffer cells become activated, leading to tissue injury by stimulating the release of inflammatory cytokines, including IL-6 and TNF-α ([@b8-etm-0-0-8877]). The role of IL-6 in metabolic regulation is rather complex. Previous observations suggested that IL-6-deficient mice (IL-6^−/−^) developed mature-onset diabetes with liver inflammation and hepatosteatosis ([@b38-etm-0-0-8877]), indicating a protective role for IL-6 on hepatocytes. However, under inflammatory conditions, IL-6 can be excessively excreted by Kupffer cells, which can be regarded as a biomarker of acute liver damage ([@b39-etm-0-0-8877]). Under the experimental conditions considered in the present study, the expression of IL-6 and TNF-α were found to be significantly increased in the livers of untreated STZ mice, whilst PILE 100 significantly attenuated the levels of pro-inflammatory cytokines, which was reflected by a reduction in liver inflammation. In the liver, IL-6 is not only important for infection defense but also crucial for hepatocyte homeostasis and regeneration ([@b37-etm-0-0-8877],[@b40-etm-0-0-8877]). Previous studies show that following hepatectomy or liver damage, gut-derived factors such as lipopolysaccharides activate the Kupffer cells, resulting in TNF-α-dependent secretion of IL-6, consequently promoting liver regeneration ([@b37-etm-0-0-8877],[@b40-etm-0-0-8877]). Although liver regeneration was not investigated in the present study, PILE-induced amelioration of IL-6 and TNF-α in STZ mice could potentially provide favorable systemic conditions for hepatocyte recovery from diabetes-associated cellular injury, thereby restoring normal function.

The transcription factor NF-κB p65 is activated by oxidative stress and the upregulation of IL-6 and TNF-α ([@b25-etm-0-0-8877]). Activated NFκB p65 then activates downstream targets such as TGFβ1 and PKC, which further exacerbate liver toxicity. TGF-β1 has long been regarded as a profibrogenic, anti-inflammatory and immunosuppressive mediator ([@b9-etm-0-0-8877],[@b26-etm-0-0-8877],[@b37-etm-0-0-8877]). In the present study, TGFβ1 and PKC levels were significantly increased following STZ treatment under hyperglycemic conditions. By contrast, strong inhibition of TGFβ1 and PKC was noted in PILE 100-treated mice compared with untreated STZ mice, which was more pronounced when treatment was extended to 8 weeks. These findings suggested that PILE attenuates the inflammatory response by inhibiting the NFκB p65/TGFβ1/PKC pathway. In addition, TNF-α was previously shown to be involved in apoptotic regulation through a classical cascade pathway, resulting in hepatocellular death ([@b6-etm-0-0-8877]). In the present study, the administration of PILE downregulated the expression of cleaved caspase-9 and caspase-3, whilst significantly upregulating Bcl-2. These results suggested that PILE is able to counteract cell death in the diabetic liver. Nevertheless, further studies are required to clarify the detailed mechanism of PILE treatment and its inhibitory effects on oxidant and inflammatory markers.

To the best of our knowledge, the results of the present study demonstrated for the first time that PILE attenuated diabetic liver damage by modulating oxidative stress and inflammatory responses via the inhibition of TNF-α, IL-6, NF-κB p65, TGF-β1 and PKC in STZ mice ([Fig. 5E](#f5-etm-0-0-8877){ref-type="fig"}). This may lead to a reduction in apoptosis and simultaneously improve cellular survival in the liver, thereby preserving hepatocyte architecture. These findings validated the ethanomedicinal applications of PILE for the management of diabetic liver damage.
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![Effects of PILE treatment on the liver phenotype under diabetic conditions. (A) Absolute liver weight. (B) Relative liver-to-body weight ratio. Representative images of hepatic hematoxylin and eosin staining at the (C) 4- and (D) 8-week time points The regions within the squares are shown at progressively higher magnification (x400) to illustrate the pattern of liver damage. Yellow arrows indicate the locations of Kupffer cells; black arrowheads indicate monocytes and red asterisks mark the accumulation of lipid droplets. Magnifications, x200 and x400. Values represent the mean ± SD. n=10. ^\*\*\*\*^P\<0.0001; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001. PILE, *Pluchea indica* leaf ethanol extract; PT, portal triad; CV, central vein; STZ, streptozotocin; PILE 50, mice treated with 50 mg/kg PILE; PILE 100; mice treated with 100 mg/kg PILE.](etm-20-02-1385-g00){#f1-etm-0-0-8877}

![Effects of PILE treatment on the hepatic oxidative status. Liver tissues from the different treatment groups were isolated at 4 and 8 weeks, following which the antioxidant properties of PILE were assessed. Biochemical analysis of (A) SOD, (B) CAT and (C) MDA levels in liver homogenates. n=6. (D) Representative western blot images of hepatic SOD and CAT expression. Densitometric quantification of (E) SOD and (F) CAT expression normalized to that of β-actin. n=4. (G) Representative immunohistochemical images of hepatic SOD staining at the 4- and 8-week time points. (H) Quantification of the percentage of immunopositive areas of SOD staining. n=4. Magnification, x400. Data are presented as the mean ± SD for biochemical analysis and mean ± SEM for immunohistochemistry and western blot assays. ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001 and ^\*\*\*\*^P\<0.0001; ^\#^P\<0.05; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001; ^Δ^P\<0.05. PILE, *Pluchea indica* leaf ethanol extract; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; PT, portal triad; CV, central vein; STZ, streptozotocin; PILE 50, mice treated with 50 mg/kg PILE; PILE 100; mice treated with 100 mg/kg PILE; w, weeks; prot, protein.](etm-20-02-1385-g01){#f2-etm-0-0-8877}

![Effects of PILE treatment on hepatic IL-6 and TNF-α levels in STZ mice. (A) Representative images of western blot analysis of hepatic IL-6 and TNF-α expression. Densitometric quantification of (B) IL-6 and (C) TNF-α expression normalized to β-actin. Representative images of (D) hepatic IL-6 and (E) TNF-α immunoreactivity at the 4- and 8-week time points. Quantification of the percentage immunopositive areas of (F) IL-6 and (G) TNF-α staining. Magnification, x400. Data represent the mean ± SEM. n=4. ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 and ^\*\*\*\*^P\<0.0001; ^\#^P\<0.05, ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 and ^\#\#\#\#^P\<0.0001. PILE, *Pluchea indica* leaf ethanol extract; IL-6, interleukin 6; TNF-α, tumor necrosis factor-α; STZ, streptozotocin; PT, portal triad; CV, central vein; BD, bile duct; PILE 50, mice treated with 50 mg/kg PILE; PILE 100; mice treated with 100 mg/kg PILE; w, weeks.](etm-20-02-1385-g02){#f3-etm-0-0-8877}

![Effects of PILE treatment on hepatic TGF-β1, NF-κB p65 and PKC expression in STZ mice. (A) Representative western blot images of hepatic NF-κB p65, TGF-β1 and PKC expression. Densitometric quantification of (B) NF-κB p65, (C) TGF-β1 and (D) PKC expression levels normalized to β-actin. (E) Representative TGF-β1 immunohistochemical staining images of the liver tissues from different groups at 4- and 8-week time points. (F) Quantification of the percentage immunopositive areas of TGF-β1 staining among the four experimental groups. Magnification, x400. Data were presented as the mean ± SEM. n=4. ^\*\*^P\<0.01 and ^\*\*\*\*^P\<0.0001; ^\#^P\<0.05, ^\#\#^P\<0.01 and ^\#\#\#\#^P\<0.0001; ^Δ^P\<0.05 and ^ΔΔΔΔ^P\<0.0001. PILE, *Pluchea indica* leaf ethanol extract; TGF-β1, transforming growth factor-β1; PKC, protein kinase C; STZ, streptozotocin; PT, portal triad; CV, central vein; BD, bile duct; PILE 50, mice treated with 50 mg/kg PILE; PILE 100; mice treated with 100 mg/kg PILE; w, weeks.](etm-20-02-1385-g03){#f4-etm-0-0-8877}

![Effects of PILE on apoptosis in the STZ mouse liver. (A) Representative western blot images of hepatic protein expression of total and cleaved caspase-9, caspase-3 and Bcl-2. Densitometric quantification of (B) cleaved and total caspase-9, (C) cleaved and total caspase-3 and (D) Bcl-2 expression normalized to β-actin. (E) Summary schematic diagram and proposed roles of PILE against oxidative stress markers, inflammation regulators and apoptosis in the hepatic tissues of STZ-induced diabetic mice. Solid lines indicate increase in action or synthesis; dashed lines indicate decrease or inhibition of action or synthesis. Values represent the mean ± SEM. n=4. ^\*\*\*\*^P\<0.0001; ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 and ^\#\#\#\#^P\<0.0001; ^Δ^P\<0.05 and ^ΔΔΔ^P\<0.001. PILE. *Pluchea indica* leaf ethanol extract; STZ, streptozotocin; Mi, mitochondria; Cl, cleaved; PILE 50, mice treated with 50 mg/kg PILE; PILE 100; mice treated with 100 mg/kg PILE. SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; TGF-β1, transforming growth factor-β1; PKC, protein kinase C.](etm-20-02-1385-g04){#f5-etm-0-0-8877}
